The research reported in this paper presents a new application of the AFM tip-based nanomachining process in the context of investigating the development of data storage devices. In particular, nanoscale grooves are machined with the tip of an AFM probe on the top surface of nanowires made of a ferromagnetic material. These grooves are cut with the purpose of creating artificial pinning sites for controlling the motion of magnetic domain walls within such nanowires. The experimental and computational results obtained when implementing this approach on permalloy nanowires 55 nm thick and 320 nm wide show that the strength of such artificial pinning sites increases with the increase in the depth of the machined grooves. It is anticipated that the application of AFM tip-based nanomachining in this context could contribute to the development of a variety of magnetic domain wall devices including those for logic function, data storage or sensor applications.
Introduction
Nanoscale cutting performed with the tip of an Atomic Force Microscope (AFM) probe has been the subject of continued research investigations, which started only a few years after the original invention of the AFM [1] . Most implementations of this machining technique have been realised on standard AFM devices as in the studies reported in [2] [3] [4] [5] , or on modified commercial AFM platforms in order to overcome certain intrinsic drawbacks of AFM systems, such as their limited processing speed and area [6] [7] [8] [9] [10] . A few studies have also focussed on the development of customised machining set-ups for nanoscale cutting where the tool used was an AFM probe [11, 12] .
In addition, a number of research investigations implemented AFM tip-based nanomachining as part of a semiconductor-based process chain in order to develop devices for specific applications. Of particular interest in such studies is the fact that nanoscale physical phenomena, associated with the features cut with an AFM tip, were also characterised. For example, the fabrication of a single electron transistor on a GaAs/AlGaAs layered structure and its transport properties were reported in [13] . An antidot array was fabricated directly on InAs-AlSb surface quantum wells by an oscillating tip and the magnetoresistivity of these structures were studied in [14] . A nanochannel connecting two micro-reservoirs was machined with an AFM tip in [15] and the flow of fluids and nanobeads through the channel was also demonstrated. The manufacture of a Ti nanowire was shown in [16] . In this case, AFM tip-based nanomachining was not used as a direct-write operation but rather as a patterning step prior to a lift-off process, which subsequently revealed the nanowire. Further fabrication and characterisation steps were conducted in this study to demonstrate the fabrication of a functional single titanium oxide nanodot for ultraviolet sensing. Finally, the research presented in [17] employed an array of heated tips to modify the topography of various polymer substrates with a view of developing a high density storage system, coined the The research reported here is also concerned with demonstrating the potential of AFM tip-based nanomachining in the context of data storage applications. In particular, a possible technology that has attracted the attention of researchers in the past decade for the creation of memory logic and storage devices is based on the control of magnetic domain walls (DW) motions within nanowires [18] [19] [20] . The basic principle behind this technology is based on the fact that a ferromagnetic nanowire can contain regions, known as domains, which are magnetised in opposing directions. These domains can be used to represent the storage. Therefore, it is important to be able to control the motion of these magnetised regions via the controlled pinning of DWs. In comparison with current solid-state memories, such a magnetic DW-based technology exhibits the ability to read/write data at an increased rate and with symmetrical speed together with higher density storage. However, for magnetic DW-based devices to be successful, reliable and accurate control of the motions of the DWs is needed. In this paper, it is envisaged to implement AFM tipbased nanomachining for creating nanoscale grooves on the top surface of magnetic nanowires. More specifically, the function of grooves machined in this way is to act as pinning sites such that magnetic DWs are no longer able to freely move within the nanowires in very low externally applied magnetic fields.
In this context, this paper presents complementary experiments and simulations in order to study the influence of the depth of nano-grooves on the strength of DW pinning. To verify the computational results obtained, an AFM probe is used machine grooves across the width of nanowires in permalloy prior to conducting anisotropic magnetoresistance measurements for characterising the strength of the magnetic DW pinning. It has already been demonstrated in [21] [22] that it is possible to cut grooves across the width of nanowires in permalloy with an AFM tip. However, the influence of the dimensions of grooves cut in this way on the pinning characteristic of magnetic DWs in such nanowires has not been reported previously.
Experimental methodology

Computational model
Finite element-based micromagnetic simulations were carried out using the freely available ObjectOriented MicroMagnetic Framework (OOMMF) software [23] . The interactions between the elements in the model were governed by the Landau-Lifshitz-Gilbert equation of motion as follows: (1) where M is the magnetisation, Heff is the effective field, is the Gilbert gyromagnetic ratio, is the Gilbert damping parameter and Ms is the saturation magnetisation.
The Euler method was used to solve the equation and thus, to determine the relative pinning position of DWs as the externally applied magnetic field is sequentially increased. The length and width of each cell in the model was 5 nm while the thickness of a cell varied depending on the overall thickness of the nanowire, with 5 nm being the maximum cell thickness utilised in order to remain below the expected exchange length. A nanoscale groove was also simulated by setting a region of the mesh, in the centre of the top surface of modelled nanowires, with the parameters of a vacuum. A DW was also positioned beneath the groove to initialise each simulation. Upon starting the simulation, the system was allowed to relax before applying a stepwise increasing external magnetic field to find the point at which the DW depinned. The material parameters used for permalloy are given in Table 1 . In addition, the Gilbert damping parameter, , was set to 0.5, as is commonly adopted for such calculations to improve the speed of the simulations. Fig. 1 illustrates the model set-up prior to the initial relaxation step for a given groove depth and width.
Nanowire fabrication
The permalloy source material used in this study had an approximate 80% nickel and 20% iron content. The nanowires were fabricated using typical lithographic processing techniques, which are illustrated in Fig. 2 and described as follows. A PMMA resist was first spin-coated on a silicon substrate. Electron beam lithography was then employed to expose the resist in a pattern that defined the overall lateral shape of the nanowires. A standard developer and oxygen plasma ash were subsequently applied to remove the exposed PMMA. Next, thermal evaporation was performed to deposit permalloy prior to the last step consisting of a standard lift-off procedure to remove the remaining resist and reveal the final permalloy nanowire design. The nanowires produced in this way were 55 nm thick and 320 nm wide.
Cutting of nanoscale grooves
The subsequent cutting of nanoscale grooves on the surface of the nanowires was realised on a commercial AFM system (XE-100 from Park Systems), using probes with a four-sided diamond tip with a radius quoted as less than 50 nm (ND-DYCRS from Advanced Diamond Technologies). These probes exhibited a nominal normal spring constant of 35 N/m. The actual value of this spring constant was determined experimentally by following a well-known method for rectangular cantilevers [24] . Initial experiments were conducted on thin films of the same thickness of the nanowires to be tested. Applying varying forces to cut into the surface revealed that a minimum load of 1 µN was required to initiate groove formation on the nanowires.
Anisotropic magnetoresistance measurements
Four-terminal anisotropic magnetoresistance (AMR) measurements were carried out to determine the DW pinning strength of nanoscale grooves in the magnetic nanowires. In a four terminal AMR measurement, two of the terminals are utilised for the flow of current through the nanowire, while the other two act as voltage probes to monitor the electrical resistance in the region of interest within the nanowire. These measurements are conducted under the influence of an external magnetic field. This electrical resistance measured depends on the angle between the current and the magnetisation direction of the material. In the configuration where the external applied magnetic field and the current density are parallel or anti-parallel, as was the case in this study, a decrease in the measured resistance shows the presence of a DW. The value of the external applied magnetic field subsequently required to depin the DW is taken to represent the strength for the pinning site under evaluation.
Results and discussion
Fig . 3 summarises the measured experimental results. In particular, the strength of the externally applied magnetic field required to remove a DW from the artificially created pinning site is given as a function of the depth of the machined groove. This figure also shows the topography of the groove machined at each experimental data point. This topography was obtained using the AFM instrument in non-contact mode with a different type of probe designed for imaging purpose (model NSG30 from NT-MDT). It can be seen from this figure that the pinning strength increases with the increase in the groove depth. Notches and grooves in a magnetic nanowire modify the potential energy landscape and can lead to a local increase in the field required to propagate a DW along the wire. The exact micromagnetic configuration of the DW relative to the shape of the groove in a wire can lead to a complex combination of energy maxima or minima trapping DWs, a phenomena that has been extensively studied in laterally notched wires [25] . Fig. 4 shows an example of a simulated DW pinned at the location of a groove. Such a DW is known as a vortex wall. Given the dimensions of the modelled nanowire, it was expected that the simulated DW would be of the vortex type rather than of the transverse type [26] . In addition, the plot given in Fig. 5 provides a comparison between the measured and the simulated pinning strength of the nanoscale grooves on permalloy nanowires. It can be seen that the experimental and simulated results follow the same trend, i.e. that the increase in groove depth results in an increase in the pinning strength. A difference between the simulation and experimental results with respect to the actual value of the pinning strength can also be observed from this plot. This is due to the fact that the simulations are carried out at zero temperature, while the experiments were conducted at finite room temperature.
The results presented here are in-line with those reported by Narayanapillai and Yang [27] . However, these authors focussed mainly on a computational study. Thus, the data obtained in this work also provide an experimental confirmation of previous findings.
Conclusions
The paper reports on a new application of the AFM tip-based nanomachining process. In particular, nanoscale grooves are machined in this way on the top surface of permalloy nanowires to create artificial pinning sites for controlling the motion of magnetic domain walls. It is anticipated that this technique could contribute to the development of a variety of magnetic DW devices including those for logic function, data storage or sensor applications.
The experimental and computational results obtained with permalloy nanowires 55 nm thick and 320 nm wide show that the strength of such artificial pinning sites increases with the increase in the depth of the machined grooves. 
